The Ca 2+ release channel ryanodine receptor 2 (RyR2) is required for excitation-contraction coupling in the heart and is also present in the brain. Mutations in RyR2 have been linked to exercise-induced sudden cardiac death (catecholaminergic polymorphic ventricular tachycardia [CPVT]). CPVT-associated RyR2 mutations result in "leaky" RyR2 channels due to the decreased binding of the calstabin2 (FKBP12.6) subunit, which stabilizes the closed state of the channel. We found that mice heterozygous for the R2474S mutation in Ryr2 (Ryr2-R2474S mice) exhibited spontaneous generalized tonic-clonic seizures (which occurred in the absence of cardiac arrhythmias), exercise-induced ventricular arrhythmias, and sudden cardiac death. Treatment with a novel RyR2-specific compound (S107) that enhances the binding of calstabin2 to the mutant Ryr2-R2474S channel inhibited the channel leak and prevented cardiac arrhythmias and raised the seizure threshold. Thus, CPVT-associated mutant leaky Ryr2-R2474S channels in the brain can cause seizures in mice, independent of cardiac arrhythmias. Based on these data, we propose that CPVT is a combined neurocardiac disorder in which leaky RyR2 channels in the brain cause epilepsy, and the same leaky channels in the heart cause exerciseinduced sudden cardiac death.
Introduction
Pharmacological seizure models have implicated abnormalities in intracellular Ca 2+ cycling of inhibitory interneurons and/or astrocytes as a mechanism of seizure generation (1, 2) , and the inositol 1,4,5-trisphosphate receptor (IP3R), an intracellular calcium release channel on the ER, has been associated with seizures in mice (3) . However, a causal relationship between defective intracellular calcium release channels and seizures has not been reported. Calcium stored within the ER contributes to neuronal signaling and is controlled by intracellular Ca 2+ release channels, in particular ryanodine receptors (RyRs) (4-6) and IP3Rs (7, 8) . To explore the underlying mechanism for seizures in CPVT we generated mice that harbor a missense mutation (RyR2-R2474S) that has been linked to exercise-induced cardiac arrhythmias in humans (9) (10) (11) (12) .
More than 50 distinct RYR2 mutations have been linked to catecholaminergic polymorphic ventricular tachycardia (CPVT), an arrhythmogenic cardiomyopathy (13) (14) (15) . CPVT patients experience syncope and sudden cardiac death (SCD) from the toddler to adult ages, and by 35 years age the mortality is up to 50% (13, 16, 17) .
In the initial clinical descriptions, approximately half of the children with CPVT were reported to present with seizures, including loss of consciousness, convulsions, and involuntary incontinence, "leading to the potential misdiagnosis of epilepsy" (18) . Strikingly, approximately 50% of RYR2 mutation carriers in a large Dutch cohort presented with seizures (19) . Additionally, CASQ2 mutation carriers with CPVT also exhibit seizures (20) . RyR2 is highly expressed in the brain, particularly in the dentate gyrus of the hippocampus (Supplemental Figure 3 ; supplemental material available online with this article; doi:10.1172/JCI35346DS1) and other areas that have been associated with generalized tonic-clonic seizure activity (21) . Therefore, we hypothesized that mutant defective (leaky) RyR2 channels could be the cause of neuronal seizures in patients diagnosed with CPVT. Here, we report that generalized tonic-clonic seizures do indeed occur in a knock-in mouse model of a RYR2 missense mutation (R2474S) found in CPVT patients (22) and provide evidence supporting a causal role for leaky RyR2 channels in both epilepsy and fatal ventricular arrhythmias, showing that a novel RyR-specific drug, S107 (23) , which prevents a leak in the channel but does not block the channel or alter normal Ca 2+ signaling, is able to inhibit both seizures and arrhythymias in the mutant mice (see supplemental data for S107 structure and accompanying information on the drug, which is a novel, orally available 1,4-benzothiazepine derivative with high RyR2 activity and no significant off-target effects). Taken together, our findings suggest that an RyR2-mediated intracellular Ca 2+ leak contributes to defective neuronal and cardiac excitability that trigger seizures and cardiac arrhythmias.
Results
Heterozygous RYR2 missense mutations have been found in patients with CPVT and cohorts with sudden unexpected death (15) . CPVT-linked RYR2 mutations are clustered in 3 disease-susceptible regions of the channel (24, 25) . One mutation cluster occurs in the central RYR2 region and includes an RYR2-R2474S missense mutation originally described in identical twin brothers with syncope and exercise-induced ventricular tachycardia (VT) (13) . Previously, we reported a gain-of-function defect in PKA-phosphorylated Ryr2-R2474S channels coexpressed with calstabin2 under conditions of low activating [Ca 2+ ] to simulate cardiac diastole (the period in the cardiac cycle when arrhythmic triggers known as delayed afterdepolarizations [DADs] occur) during exercise (22) . We showed that the Ryr2-R2474S mutant channels and 3 other CPVT-linked mutant RyR2 channels all exhibited a leaky phenotype under conditions that simulate cardiac diastole during exercise. This defective channel function was due to decreased binding of calstabin2 resulting in a shift to the left of the Ca 2+ dependence of RyR2 activation such that these channels, unlike WT controls, were capable of being activated at extremely low (i.e., ~150 nM) cytosolic [Ca 2+ ]. We interpreted these findings as being consistent with the generation of diastolic SR Ca 2+ leak via mutant RyR2 channels in the heart that could trigger arrhythmias during exercise.
To examine the role of leaky RyR2 channels in vivo, we generated knock-in mice carrying the missense mutation R2474S in the endogenous Ryr2 gene (Ryr2 RS/WT ; see Figure 1A and Methods). The targeting vector for homologous recombination consisted of genomic DNA spanning a region that includes introns 46-54, with the codon change resulting in the R2474S variant occurring in exon 49 . Homologous recombination was confirmed in ES cells using BamHI digestion ( Figure 1B ). Following germline transmission and mating of chimeras with 129Sv females, offspring were backcrossed into the C57BL/6 background for at least 5 generations, in agreement with previous arrhythmia studies in mice (26) . Importantly, RyR2 expression was not different in the heart and brains of Ryr2-R2474S mice compared with WT littermate controls.
Figure 1
RyR2-homozygous R2474S knock-in mice exhibit increased embryonic lethality that is reduced by a novel RyR2 stabilizing drug (S107) that inhibits Ca 2+ (E) Rescue of homozygous Ryr2-R2474S embryos by treatment of the pregnant mothers with S107, a small compound that binds specifically to RyR2, enhances calstabin2 binding and inhibits Ca 2+ leak from mutant RyR2 channels. Up to day E13.5, there was normal Mendelian inheritance (left). However, embryonic lethality was evidenced by abnormal Mendelian inheritance at day E16.5 (middle), and this was prevented by S107 treatment, which resulted in normal Mendelian inheritance due to improved survival of the homozygous Ryr2-R2474S embryos (right). P values represent statistical comparison of the observed genotypes to expected genotypes based on Mendelian inheritance patterns. Asterisks indicate significant difference between the observed and expected genotype ratios.
Heterozygous Ryr2-R2474S/WT (Ryr2 RS/WT ) mice were viable and survived into adulthood. However, Ryr2-R2474S knock-in mice were not born at the expected Mendelian ratios: observed/ expected genotype ratios at weaning age were Ryr2 WT/WT , 149/113.5 (32.8%); Ryr2 RS/WT , 289/227 (63.6%); Ryr2 RS/RS , 16/113.5 (3.5%); P < 0.0001 (χ 2 = 111.7; Figure 1C ). This result is in agreement with the fact that all previously identified RYR2 mutation carriers are heterozygous (individuals homozygous for CPVT-linked RyR2 mutations have not been reported) (15) . The selective loss of homozygous Ryr2 RS/RS embryos occurred due to increased intrauterine lethality. Indeed, homozygous Ryr2 RS/RS mating did not produce any offspring from confirmed impregnated female mice, indicating intrauterine lethality of the Ryr2 RS/RS genotype (n = 6).
RyR2 channels are first detected in the heart at day E8.5 in mice (27) . Histology confirmed normal intrauterine development of homozygous Ryr2 RS/RS mice until E13.5. In particular, cardiac maturation, chamber development, and circulation appeared to be normal at E13.5, as evidenced by transverse embryonic sections through the heart region ( Figure 1D ). While the expected Mendelian distribution was observed at E13.5, at E16.5 embryonic genotypes deviated significantly from the expected Mendelian distribution, consistent with an increased number of growth-retarded or digested Ryr2 RS/RS E16.5 embryos due to intrauterine death ( Figure  1E ). Homotetrameric RyR2 channels comprising 4 CPVT mutant subunits exhibited a significantly greater gain-of-function defect as compared with heterotetrameric RyR2 channels (22) , which is consistent with the fact that heterozygous Ryr2 RS/WT mice did not show increased intrauterine mortality. To test the hypothesis that the intrauterine death observed in Ryr2 RS/RS mice was due to defective RyR2 channel function (i.e., Ca 2+ leak), we used a novel, RyRselective 1,4-benzothiazepine derivative, S107 (23) , that stabilizes RyR2 channels by enhancing the binding affinity of calstabin2 to mutant and/or PKA-phosphorylated channels. S107 is a small (MW, 245.7) compound that enhances calstabin2 binding to RyR2 at low nanomolar concentrations and failed to interact with over 400 receptors, enzymes, and ion channels in screens using up to 10 μM of the compound (see supplemental data). Specifically, S107 had no effect on cardiac ion channels including the voltage-gated Na + , K + , and Ca 2+ channels at concentrations up to 10 μM, and S107 had no effect on normal Ca 2+ signaling in cells. We reasoned that if the defective RyR2 function was causing late intrauterine death in Ryr2 RS/RS mice, then S107 might prevent the excess Ryr2 RS/RS mortality observed at E16.5. Indeed, we found that treatment of Ryr2 RS/WT mothers with S107 (5 mg/kg s.c. continuously by osmotic minipump for 14 days) resulted in rescue of the expected Mendelian distribution at E16.5 ( Figure 1E ). On the basis of these data, we concluded that the likely cause of intrauterine mortality at E16.5 is excess Ca 2+ leak via mutant defective RyR2 channels in Ryr2 RS/RS mice.
Ryr2 RS/WT mice began to exhibit spontaneous seizures during the weaning period between P21 and P28. There were no obvious developmental abnormalities, and the brains were histologically normal in Ryr2-R2474S mice (see supplemental data). The seizures were spontaneous and recurrent, and their frequency (1-3/week) did not change during a 3-month observation period (e.g., Supplemental Video 1). Generalized tonic-clonic seizures in Ryr2 RS/WT heterozygous mice occurred following mouse placement in a new cage and/or arousal from sleep; however, seizures also occurred in the absence of these environmental changes (see Supplemental Video 1). Seizures exhibited a progression through several stages.
Following an initial state of reduced activity and lying flat on the cage floor, the mice typically exhibited several behavioral signs of seizure activity (grimacing, ear deflection, nose hair stiffening, Straub tail, head bobbing), which quickly progressed from partial, isolated limb jerking to sustained and violent generalized myoclonic jerking. Following a generalized myoclonic phase, Ryr2 RS/WT mice developed outstretched hind limbs consistent with tonic-clonic seizures, bilateral forelimb clonus, and head bobbing. The entire sequence of seizure activity typically lasted for 20-120 seconds, and both clonic and tonic-clonic seizures were recorded; this was followed by the mouse freezing and then resting for several minutes (corresponding to the postictal state). We were able to capture several spontaneous, generalized seizures by EEG recording, which confirmed the generalized nature of the seizures. Overall, spontaneous seizures were directly observed in 23 of 50 heterozygous Ryr2 RS/WT and 2 of the very few homozygous Ryr2 RS/RS mice surviving into adulthood but never in WT mice; however, it is likely that the actual incidence of seizures was higher than observed, because it was not possible to observe all of the mice constantly, and 100% of the mutant mice exhibited lowered thresholds for pharmacologic-induced seizures compared with WT littermate controls (see below).
Heterozygous Ryr2 RS/WT mice with confirmed recurrent generalized seizures were implanted with cortical EEG electrodes and ECG telemeters and monitored during a 4-week period. Following electrode placement, spontaneous epileptiform activity was never observed in freely moving WT mice, which showed regular cardiac sinus rhythm (SR) (n = 3; e.g., Figure 2A ). Similarly, heterozygous Ryr2 RS/WT mice exhibited normal periods of low-amplitude baseline cortical EEG and regular SR activity (n = 4; e.g., Figure 2B ). EEG monitoring from 2 heterozygous Ryr2 RS/WT mice confirmed the occurrence of spontaneous electrographic and behavioral seizures, consistent with epileptiform ictal activity ( Figure 2C ). In agreement with video-documented behavioral abnormalities (see Supplemental Video 1), EEG rapid spike discharges during generalized tonic-clonic seizures typically lasted for 20-30 seconds. Moreover, slower spike discharges were observed in the postictal period ( Figure 2D ).
Since seizures in CPVT mutation carriers have been attributed to malignant arrhythmias causing rapid compromise of cerebral blood supply (Stokes-Adams attacks) (18), we performed simultaneous ECG-EEG recording. During spontaneous tonic-clonic seizures with ictal EEG spike activity, mice displayed regular fast SR (sinus tachycardia, ~690/min); however, no peri-ictal arrhythmias were ever observed ( Figure 2C , ECG-EEG). Our data show that spontaneously recurring seizures in heterozygous Ryr2 RS/WT mice are due to abnormal brain excitability and are not associated with loss of consciousness (syncope) occurring from arrhythmias (i.e., the seizures are not Stokes-Adams attacks).
Since it was not possible to accurately assess the incidence of spontaneous seizures in Ryr2-R2474S mice, we sought to compare seizure susceptibility in WT and Ryr2 RS/WT mice using pharmacological testing. Intraperitoneal administration of 4-aminopyridine (4-AP) has been reported to cause generalized tonic-clonic seizures and a prototypical progression of epileptic seizure activity in rodents (28) . To enable quantitative examination of seizure susceptibility in the mice, we administered 4-AP (2.5 mg/kg i.p.) and the RyR agonist caffeine (CAF; 250 mg/kg i.p., administered 25 minutes after 4-AP), following which generalized tonic-clonic seizures (stage 3) occurred significantly earlier in Ryr2 RS/WT mice (n = 5) compared with WT (Figure 2E , left; n = 5, P < 0.05). Moreover, in Ryr2 RS/WT mice, combined 4-AP and CAF treatment resulted in faster progression to a significantly higher seizure severity score, including death ( Figure 2E, right) . To further determine whether the observed seizure activity was in fact due to defective
RyR2 channel function, we tested whether treatment with S107, which inhibits Ca 2+ leak via mutant RyR2 channels, could protect against seizures in the Ryr2-R2474S heterozygous mice. Pretreatment for 1 week with S107 (5 mg/kg/h via s.c. osmotic pump) significantly increased the latency time for developing seizures and The recorded seizure began with the Straub tail sign (single asterisk), followed by generalized tonic-clonic seizure (double asterisks), then spiking activity that gradually increased in amplitude and rhythmicity and ended with a depressed electric postictal period characterized by relaxed muscle tone, indicating end of seizure (triple asterisks). Consecutive 8-second traces from one EEG channel (left hemisphere) are shown; there was no difference in the spiking patterns between the left and right hemispheric activity; and (D) EEG recording during a postictal period with epileptiform activity (arrows). (E) Average latency to development of generalized tonic-clonic seizures and overall seizure score comparison in WT and Ryr2 RS/WT mice following 4-AP and CAF susceptibility testing. *P < 0.05. (F) Average latency to development of generalized tonic-clonic seizures and overall seizure score comparison in Ryr2 RS/WT mice treated with S107 subjected to a seizure protocol identical to that in E, showing that S107 partially protects against seizures. *P < 0.03 (left); *P < 0.04 (right). reduced the seizure score in the Ryr2-R2474S heterozygous mice (vehicle-treated Ryr2 RS/WT , n = 7; S107-treated Ryr2 RS/WT , n = 10; P < 0.03 for latency time and P < 0.04 for seizure score; Figure 2F ).
Certain behavioral aspects of the characteristic epileptiform activity in Ryr2 RS/WT mice are indicative of a hippocampal seizure origin in rodent epilepsy models. To explore this possibility, we performed extracellular local field potential (LFP) recordings in the CA3 region of hippocampal brain slices that were exposed to 4-AP (10 μM). Ryr2 RS/WT hippocampal slices (n = 4) exhibited significantly increased excitability in response to 4-AP, as evidenced by a significantly higher frequency of more-complex interictal burst discharges (>10 spikes/burst), higher spike rates per burst, and higher spike numbers per complex burst (n = 4; Figure 2 , G-I). When population burst discharge activity following 4-AP treatment (10 μM) over 10 minutes was compared in WT (n = 488 events analyzed) and Ryr2 RS/WT slices (n = 322 events analyzed), a significant shift toward longer and faster burst activity consistent with a second peak in the event distribution was evident ( Figure 2H ). The observed increase in 4-AP-induced complex burst activity in the Ryr2 RS/WT compared with WT hippocampal CA3 region suggests that the seizure activity in the Ryr2 RS/WT mice may originate in the hippocampus.
To determine whether the mechanism of the seizures observed in Ryr2 RS/WT mice involves aberrant Ca 2+ signaling in the hippocampal CA3 region, we performed confocal Ca 2+ imaging experiments using hippocampal brain slices (n = 3). During perfusion with a low-Mg 2+ (0.5 mM) and high-K + (8.5 mM) solution, cells in the principal hippocampal CA3 layer ( Figure 3B ) exhibited profound burst activity compared with quiescent cells under control conditions ( Figure 3A , left vs. middle) or cells from WT (n = 4) mice hippocampal brain slices examined under the same conditions (data not shown). Moreover, addition of the specific RyR channel blocker ryanodine (10 μM) reduced the amplitude and frequency of the burst activity, suggesting that leaky Ryr2 RS/WT activity likely contributes to Ca 2+ -dependent burst activity ( Figure 3A , right). Histological examination of the WT and Ryr2 RS/WT mouse brains using H&E staining (e.g., Figure 3C , left; n = 5 Ryr2 RS/WT brains, n = 5 WT brains) and trichrome staining (data not shown) did not reveal any abnormalities in the hippocampal formation or other brain areas of Ryr2 RS/WT mice, and RyR immunostaining confirmed normal RyR2 expression, particularly in the CA3 region (e.g., Figure  3C , right; see also Supplemental Figure 3 ). These data indicate that the increased susceptibility to seizure-like activity in vitro and generalized seizures in vivo are likely associated with high-frequency Ca 2+ signaling and/or burst activity.
To further characterize the molecular mechanisms that may contribute to abnormal cellular Ca 2+ signals, we studied native RyR channels harvested from the isolated mouse hippocampus. RyR2 Ca 2+ release channels comprise 4 RyR2 monomers, each of which binds a single calstabin2 subunit (also known as FKBP12.6), which stabilizes the channel closed state (22, 29) . We have previously found significantly increased channel activity and calstabin2 depletion in recombinant homotetrameric Ryr2-R2474S as well as in heterotetrameric Ryr2-WT/R2474S channels following in vitro PKA phosphorylation (22) . Since activation of noradrenergic stimulation can result in epileptic synchronization and altered hippocampal activity (30), we treated Ryr2 RS/WT and WT littermates with norepinephrine (NE; 5 mg/kg/h s.c. by osmotic pump for 48 hours) and measured RyR single-channel activity from brain vesicles fused to planar lipid bilayers. The open probability (P o ) of hippocampal RyR channels was significantly increased in NE-treated compared with untreated Ryr2 RS/WT mice ( Figure 3 , D and E). Current amplitude histograms at 150 nM cis Ca 2+ were consistent with increased P o including multiple subconductance states, suggesting a leaky channel phenotype ( Figure 3D , middle). Given that 3 RyR isoforms are expressed throughout the brain, we could not be sure that the channels in these single-channel recordings were RyR2; however, RyR2 is the most abundant isoform in the hippocampus (the exception being cerebellar Purkinje neurons expressing primarily the skeletal muscle RyR1 isoform; see Supplemental Figure 3 ). As compared with channels from NE-treated WT mouse brains, Ryr2 RS/WT channels showed a significantly higher average P o , consistent with a gain-of-function defect ( Figure 3E ; n = 9, P < 0.05). Moreover, Ryr2 RS/WT mice pretreated for 1 week with the RyR2-stabilizing drug S107 showed brain RyR channel activity comparable to that in animals not treated with NE and consistent with normalized function (Figure 3 , D and E; n = 9, P < 0.05).
RyR2 immunoprecipitation (using an antibody specific for the RyR2 isoform) from Ryr2 RS/WT brain homogenates followed by immunoblotting showed no change in RyR2 levels compared with WT (data not shown), and NE treatment resulted in a similar increase in RyR2 PKA phosphorylation in WT and Ryr2 RS/WT brains
Figure 3
Hippocampal Ryr2 RS/WT brain slices and channels exhibit burst activity, which can be inhibited by treatment with ryanodine or the RyRstabilizing drug S107, respectively. The histogram on the right shows more channels in the closed state (0 pA), consistent with the channel-stabilizing properties of the drug S107 that enhances binding of the calstabin2 subunit to the channel. (E) Average Po of WT and Ryr2 RS/WT brain channels under different treatment conditions as indicated. Single-channel measurements were performed at a cis (cytosolic) Ca 2+ concentration of 150 nM. *P < 0.05 versus NE-untreated; † P < 0.05, NE-treated WT versus Ryr2 RS/WT . Each bar represents the average of 7-9 channels. Equivalent amounts of RyR2 were immunoprecipitated from brain homogenates with an RyR2 isoform-specific antibody followed by immunoblotting; bar graphs show the amount of PKA phosphorylation of RyR2 at Ser2808 (F) and the amount of calstabin2 bound to RyR2 (G) under the indicated conditions. Animals were treated with S107 via implantable osmotic pumps (5 mg/kg/h) for 7 days before NE stimulation. *P < 0.05 versus NE-untreated.
Figure 4
Fixing the leak in mutant channels from Ryr2 RS/WT mice with S107 protects against fatal cardiac arrhythmias. (A-C) Representative telemetric ECG recordings of WT (n = 6), heterozygous Ryr2 RS/WT (n = 9), and Ryr2 RS/WT mice treated with S107 (n = 9). (A) ECGs of a WT mouse, sedentary (rest) and after 45 minutes of treadmill running immediately followed by catecholamine injection (ex + EPI; epinephrine, 0.5 mg/kg i.p.). (B) ECGs of a Ryr2 RS/WT mouse, sedentary and following arrhythmia provocation stress testing, which resulted in rapid sVT and SCD. *Bidirectional VT; **polymorphic VT; ***rapid polymorphic VT. (C) Ryr2 RS/WT mice treated with S107 under sedentary housing conditions (rest) and following stress testing (S107, 5 mg/kg/h s.c. for 7 days by osmotic pump). S107 prevented stress-induced arrhythmias. (D) Occurrence of sVT (left) and SCD (right). (E) Example of Langendorff-perfused Ryr2 RS/WT hearts (n = 6) that exhibited regular SR recorded by volumetric ECG (vECG) with 2 epicardial breakthroughs (arrows) and homogenous apical-to-basal voltage activation. (F) Epicardial voltage activation map of the same Ryr2 RS/WT heart showing multiple activation foci (arrows) and abnormal activation wavefront propagation during rapid polymorphic VT. The black dot marks the last regular sinus beat of vECG, and the red dot the first abnormal beat occurring at a short coupling interval. (G) Ryr2 RS/WT heart showing abnormal focal activation (arrows) rapidly moving toward apex and left ventricle during sVT. (H) Occurrence of sVT in ex vivo perfused WT and Ryr2 RS/WT hearts (each n = 6). Perfusion in the absence or presence of either high extracellular Ca 2+ (9 mM) or ISO (100 nM) resulted in sVT in 9 of 12 Ryr2 RS/WT but only in 1 of 12 WT hearts. Orientation of the heart is as indicated; a, apex; b, base; l, left; r, right of anterior activation maps.
( Figure 3F ). Calstabin2 depletion from PKA-phosphorylated RyR2 complexes was significantly increased in both WT and Ryr2 RS/WT brains following NE stimulation ( Figure 3G ). When Ryr2 RS/WT mice were pretreated with the blood brain barrier-permeable S107 compound (5 mg/kg/h s.c. for 1 week) prior to NE treatment, calstabin2 binding to PKA-phosphorylated Ryr2 RS/WT brain channels was restored to normal levels observed in nonphosphorylated channels ( Figure 3G ), consistent with single-channel function being normalized ( Figure 3D, right) . In these experiments, WT RyR1 and RyR3 channels were likely also PKA phosphorylated in mice treated with NE. However, previous studies have shown that despite transient PKA phosphorylation, WT RyR channels do not develop pathologic Ca 2+ leak that is observed in PKA-phosphorylated CPVT-linked mutant RyR2 channels (16, 22) . This is likely due to the finding that the CPVT-linked mutant RyR2 channels bind the stabilizing protein calstabin2 at a lower affinity and are, therefore, more prone to developing a significant, persistent Ca 2+ leak.
Since telemetric ECG recording of cage-habituated Ryr2 RS/WT mice did not show any sustained VT leading to syncope or seizures, we performed strenuous exercise stress testing followed by catecholamine injection using previously established protocols (22, 31) . WT mice did not exhibit any arrhythmias when this protocol was used ( Figure 4A ; n = 6). Exercise at incrementally faster treadmill speeds for at least 45 minutes followed by epinephrine injection (0.5 mg/ kg i.p.) resulted in sustained polymorphic VT (sVT) and SCD in Ryr2 RS/WT mice ( Figure 4B ; n = 8 of 9). The cardiac arrhythmias in the Ryr2-R2474S mice typically started with premature ventricular ectopic beats, progressing into bidirectional and polymorphic VTs ( Figure 4B ) similar to the stress-induced arrhythmias observed in human RyR2 mutation carriers. These arrhythmias typically degenerated into polymorphic VT and/or fibrillation and finally sudden death. SCD in Ryr2 RS/WT mice was associated with occasional limb jerking and rapid breathing. However, during or after sVT, none (n = 0 of 9) of the Ryr2 RS/WT mice displayed the sustained generalized tonic-tonic seizures described above (Figure 2 ; see also Supplemental Video 1). These data further suggest that spontaneous seizures in Ryr2 RS/WT mice are likely due to epilepsy and are not associated with sustained cardiac arrhythmias.
Using a different CPVT mouse model (calstabin2-deficient mice), we previously showed that VT and SCD could be prevented by pretreatment with JTV519, a 1,4-benzothiazepine (32, 33) . Since JTV519 has off-target activity including potent HERG K + channel block that can cause drug-induced long QT potentially predisposing to polymorphic VT, we have developed a novel orally available derivative (S107) with higher RyR2 activity and no significant offtarget effects (supplemental data, S107 Characterization). Using previously established protocols (32) , Ryr2 RS/WT mice were treated for 1 week with S107 (5 mg/kg/h s.c. by osmotic pump) prior to exercise stress testing. In contrast to untreated Ryr2 RS/WT mice, of which 8 of 9 exhibited sVT and 7 of 9 had SCD, S107-treated Ryr2 RS/WT mice subjected to exercise stress testing and low-dose epinephrine injection were less likely to develop sVT (2 of 9) and SCD (n = 1 of 9; Figure 4 , C and D). Since S107 has high RyR2 specificity and efficacy in vitro, we hypothesized that it may prevent arrhythmias and SCD though an RyR2-targeted mechanism in vivo (see below).
Since a variety of ventricular arrhythmia types have been documented in RYR2 mutation carriers (34), we sought to determine which form of arrhythmia is associated with SCD (see supplemental data for details). Optical mapping of the ventricular arrhythmias ( Figure 4 , E-H) indicated a catecholaminergic and/or intracellular Ca 2+ overload-dependent mechanism of arrhythmia induction in CPVT hearts, consistent with previous studies (35, 36) .
Isolated ventricular cardiomyocytes from Ryr2 RS/WT hearts were patch-clamped for action potential (AP) recording under current clamp conditions and continuously paced at 1 Hz in control extracellular solution, followed by stimulation with isoproterenol (ISO; 1 μM). In contrast to WT cells (data not shown), ISO-treated Ryr2 RS/WT cardiomyocytes exhibited DADs between pacing cycles ( Figure 5A, asterisks) . DADs progressively increased the membrane depolarization rate from 1 Hz (pacing frequency) to approximately 3 Hz (pacing and DADs), and coupling intervals were decreased, resulting in AP fusion, incomplete repolarization, and spontaneous pacemaker activity (automaticity). In many cells, automaticity was self-sustained, e.g., trains of DADs would continue spontaneously after cessation of pacing (data not shown), confirming earlier results from Ryr2-R4496C knock-in cells (37) . Similarly, ISOtreated Ryr2 RS/WT cardiomyocytes exhibited aberrant intracellular Ca 2+ transients (asterisks) between regular field-stimulated Ca 2+ transients ( Figure 5B ) that became self-sustained when pacing was stopped, consistent with regenerative intracellular Ca 2+ release.
We have previously shown that abnormal intracellular Ca 2+ release from RyR2s in a mouse model of catecholaminergic arrhythmias activates arrhythmogenic transient inward current (I TI ) as a mechanism of triggered activity and DADs (33) . Accordingly, in ISOtreated Ryr2 RS/WT cardiomyocytes, we observed I TI events during and immediately following cessation of pacing (e.g., Figure 5C ). Control Ryr2 RS/WT cells without ISO treatment exhibited significantly fewer I TI events, consistent with earlier studies (33) (n = 6, P < 0.05), and β-adrenergic stimulation of Ryr2 RS/WT cardiomyocytes resulted in significantly increased cellular I TI density ( Figure 5D ; n = 7, P < 0.05). Moreover, treatment of Ryr2 RS/WT mice with S107 for 1 week significantly decreased I TI density ( Figure 5D ; n = 4, P < 0.05). Simultaneous intracellular Ca 2+ and I TI recording in Ryr2 RS/WT cardiomyocytes showed that regular pacing-induced Ca 2+ transients were followed by abnormal intracellular Ca 2+ release events, which became organized into cell-wide Ca 2+ waves ( Figure 5E, top) . Interestingly, arrhythmogenic I TI formation coincided with early aberrant Ca 2+ release (starting at ~1.1 seconds) and became progressively amplified during regenerative cell-wide Ca 2+ waves ( Figure  5E , bottom). We further characterized the spontaneous Ca 2+ release from RyR2 by measuring sparks in resting cells in the presence or absence of ISO. While 1 μM ISO had a small effect on the WT cardiomyocytes, the frequency and area of Ca 2+ sparks were dramatically increased in the ISO-treated Ryr2 RS/WT cardiomyocytes ( Figure  5F : WT, n = 6; Ryr2 RS/WT , n = 9; P < 0.05). The increased spark areas and frequencies in Ryr2 RS/WT cells are consistent with our observation of Ca 2+ spark fusions and repetitive activation of regenerative waves as the cause of arrhythmogenic I TI ( Figure 5 , C and E). We conclude that an abnormal temporal and spatial increase in microscopic Ca 2+ release events causes arrhythmogenic I TI , DADs, and automaticity in Ryr2 RS/WT cardiomyocytes.
Following exercise stress testing consisting of treadmill running and EPI injection, which resulted in polymorphic VT in Ryr2 RS/WT mice (n = 8 of 9), hearts from WT and Ryr2 RS/WT mice were flash frozen for SR vesicle isolation for single-channel measurements in lipid bilayers. Single channels from sedentary Ryr2 RS/WT mice exhibited multiple partial opening events (subconductance states) and a low P o at 150 nM [Ca 2+ ] cis simulating diastolic conditions (see also Methods; Figure 6A , left). In contrast, following stress testing, Ryr2 RS/WT single channels exhibited a significant increase in P o ( Figure 6A, center) . One week of S107 treatment followed by stress testing resulted in redistribution of open events toward the 0-pA (closed) level ( Figure 6A, right) . The average RyR2 P o was significantly increased in both EPI-treated WT and Ryr2 RS/WT hearts. However, the P o increase following stress testing was significantly higher in channels from Ryr2 RS/WT hearts, indicating a gain-offunction defect ( Figure 6B ; n = 7, P < 0.05). Compared with those from untreated Ryr2 RS/WT mice undergoing stress testing, RyR2 channels from S107-treated hearts showed a significantly lower P o , comparable to that observed in RyR2 channels from sedentary mice ( Figure 6B ; n = 7, P < 0.05).
We have previously found significantly increased activity and calstabin2 depletion in recombinant Ryr2-R2474S channels following in vitro PKA phosphorylation (22) . RyR2 immunoprecipitation from cardiac homogenates followed by immunoblotting showed no change in RyR2 protein levels in WT and Ryr2 RS/WT hearts. Exercise followed by EPI treatment resulted in similar increases in RyR2 PKA phosphorylation in WT and Ryr2 RS/WT hearts ( Figure 6, C and  D) . However, following stress testing, Ryr2 RS/WT hearts revealed significant calstabin2 depletion from the PKA-phosphorylated RyR2 complex ( Figure 6E ; n = 3, P < 0.05). These data are consistent with earlier in vitro experiments showing significantly decreased calstabin2 binding to recombinant homo-and heterotetrameric Ryr2-R2474S channels (22) . When Ryr2 RS/WT mice were pretreated with S107 (5 mg/kg/h s.c. for 1 week) prior to stress testing, calstabin2 binding to PKA-phosphorylated Ryr2 RS/WT cardiac channels was normalized ( Figure 6E ), consistent with rescue of single-channel function ( Figure 6, A and B) .
Discussion
We have identified leaky RyR2 channels as a mechanism underlying generalized tonic-clonic seizures and cardiac arrhythmias in heterozygous Ryr2-R2474S knock-in mice. Previous studies have focused on the role of RyR2 in the heart as the cause of CPVT and SCD (13, 14, 38) . Since heterozygous Ryr2-R2474S mice exhibited recurrent generalized tonic-clonic seizures and electrocortical abnormalities consistent with epileptic brain activity, we propose that CPVT may actually be a neurocardiac syndrome in which patients have both neuronal seizures and exercise-induced cardiac arrhythmias that cause sudden death. Recently, we have made a second CPVT knock-in mouse (Ryr2-N2386I) that also exhibits tonic-clonic seizures and CPVT (S.E. Lehnart and A.R. Marks, unpublished data). Our data now suggest that both the cardiac arrhythmias and the seizures are likely due to the same RyR2 mutation causing a Ca 2+ leak in the heart and the brain. Evidence for the role of the RyR2 leak as causal in the seizures is as follows: (a) Ryr2-R2474S mice exhibit spontaneous and drug-induced seizures compared with WT littermate controls; (b) the seizures are inhibited by a drug, S107, that prevents RyR2 Ca 2+ leak; the Ryr2-R2474S mutation results in leaky single-channel properties of neuronal RyR2 channels examined in planar lipid bilayers; (c) seizure-like 4-AP-induced field-evoked potentials were recorded from the CA3 hippocampal region of the Ryr2 WT/RS mice, a brain region that expresses high levels of RyR2; and (d) low Mg 2+ and high K + induced aberrant Ca 2+ signals in the CA3 hippocampal region of the Ryr2 WT/RS mice, consistent with abnormal intracellular Ca 2+ leak.
While seizure activity has been reported in CPVT patients with RYR2 and CASQ2 mutations (19, 20) , the seizures have been attributed to arrhythmogenic cardiac dysfunction resulting in reduced blood flow to the brain (Stokes-Adams attacks) (18) . However, seizures have not been documented as being associated with arrhythmias in CPVT patients (only presumed). Although the population-wide frequency of RyR2 mutations is not known (15) , one postmortem study found RyR2 mutations in 14% of cases with sudden unexpected death (39) . We conclude that leaky RyR2 channels may cause an inherited form of neurocardiac syndrome characterized by increased susceptibility to epilepsy and stress-induced arrhythmias in humans.
Importantly, since the arrhythmias in the CPVT mice are only observed during exercise, it is highly unlikely that neural ischemia due to repeated arrhythmias could be a cause of the seizures. Furthermore, we have shown that an RyR-specific compound, S107 (23), inhibits both the arrhythmias and the seizures. Since S107 has no effect on normal RyR channels and does not alter Ca 2+ signaling in cells, it is highly unlikely that its protective effects against seizures has anything to do with altering generalized Ca 2+ signaling.
Mutations in ion channel genes, including those encoding voltage-gated Na + and K + channels (SCN1A, SCN1B, KCNQ2, KCNQ3) , have been linked to convulsive seizure activity (40-43). Nonsense 
Figure 6
RyR2 channels from heterozygous Ryr2 RS/WT hearts show a gain-of-function defect that is rescued by S107 treatment. (A) Representative singlechannel traces from isolated from the hearts of sedentary Ryr2 RS/WT mice (RS/WT), after maximal exercise followed by injection of 0.5 mg/kg epinephrine (RS/WT + EPI), or after 1 week treatment with S107 (5 mg/kg/h) followed by maximal exercise and EPI injection (RS/WT + EPI + S107). Thick horizontal bars below 5-second traces indicate area shown in 0.5-second traces. Po, mean open (To) and mean (Tc) closed times, closed state (c), and fully open level (4 pA) are as indicated. Corresponding all-point histograms demonstrate altered current amplitude distribution, including multiple subconductance states and full open events in the EPI group, consistent with a gain-of-function defect. In contrast, S107-treated group histograms show redistribution toward closed states. (B) Average Po of single cardiac WT and Ryr2 RS/WT channels under different treatment conditions. Single-channel measurements were performed in low activating Ca 2+ concentrations (150 nM) to mimic diastolic conditions. *P < 0.05 versus hearts from sedentary mice; # P < 0.05 versus hearts from exercise-and EPI-treated mice; † P < 0.05 between sedentary and EPI-treated Ryr2 RS/WT mice. Each bar represents the average of 7 channels. (C-E) Equivalent amounts of RyR2 were immunoprecipitated with an RyR2-specific antibody followed by immunoblotting: amounts of relative PKA phosphorylation of RyR2 at Ser2808 (D) and of calstabin2 bound to RyR2 (E) under the indicated conditions. Data refer to the same cardiac vesicles used in A and B. *P < 0.05 versus hearts from sedentary mice; # P < 0.05 versus hearts from exercise-and EPI-treated mice.
or frameshift SCN1A mutations that lead to a truncated neuronal Na + channel α-subunit have been linked to a rare convulsive disorder, severe myoclonic epilepsy of infancy (SMEI) (41) . A heterogeneous syndrome, generalized epilepsy with febrile seizures (GEFS), has been linked to both SCN1B and GABAG2 mutations (44) . Pharmacological seizure models have implicated abnormalities in intracellular Ca 2+ cycling of inhibitory interneurons and/or astrocytes as a mechanism of seizure generation (1, 3) , and seizures have been observed in a mouse with a partial Ip3r1 gene deletion (3) .
In the present study, we demonstrate abnormal intracellular Ca 2+ signals in cells in the CA3 region of the hippocampus in Ryr2 RS/WT mice ( Figure 3A ) that are likely due to the leaky activity of the mutant RyR2 channels (Figure 3, D and E) . How is intracellular Ca 2+ linked to neuronal excitability? We speculate that intracellular Ca 2+ leak from mutant RyR2 in brain areas (such as the hippocampus), where slow afterhyperpolarizations (AHPs) are thought to control excitability spread, may disrupt slow AHP formation during intense AP firing, which would lead to the seizure-associated altered depolarization patterns as observed in hippocampal slices. Once the identity of the cells in the hippocampus that are responsible for seizures in the Ryr2-R2474S mice is known it will be feasible to examine the Ca 2+ signals in these cells in greater detail, as we have done in cardiomyocytes.
The molecular mechanisms underlying SCD, like the genetic channelopathies associated with epilepsy, have been found to involve a diverse group of ion channel mutations (15) . For example, mutations in the KCNQ1 gene have been linked to long QT syndrome type 1 (LQTS1) (15) . SCN5A mutations have been linked to VT in LQTS3 (45) and to idiopathic ventricular fibrillation in Brugada syndrome (46) . SCN5A is expressed in brain regions involved in epileptic activity (47) , and SCN5A mutation carriers are prone to seizures (48) (49) (50) (51) . While it has been hypothesized that SCN5A mutations may cause neurogenic seizures (47) , to date no supportive data have been reported.
Our data suggest that stress-induced cardiac arrhythmias are not the sole cause of seizure activity in CPVT patients. Moreover, generalized seizures result in intense stimulation of the hypothalamus and secondary activation of the sympathetic nervous system, which could lead to stress-induced arrhythmias in CPVT patients. Indeed, physical and/or emotional stresses trigger polymorphic VT and syncope in carriers of RyR2 mutations including the R2474S missense mutation investigated here (13, 14, 34) . Previously, it was reported that treatment of Ryr2-R4496C mice with either beta blockers or JTV519 was not effective in preventing pharmacologically induced arrhythmias (37, 52) . However, these studies used arrhythmia induction with pharmacological cocktails in Ryr2-R4496C mice (2 mg/kg EPI plus 120 mg/kg CAF i.p.) and did not address physiological mechanisms (37, 52) . This pharmacologic cocktail did not involve exercise testing (followed by low-dose catecholamine EPI, 0.2-0.5 mg/kg injection), a protocol used by us (32) and others (31) , and the exercise component of the protocol may be critically important in murine models of CPVT. One interpretation of the failure of the beta blockers or JTV519 to prevent pharmacologically induced arrhythmias in CPVT mice may be that the pharmacologic cocktail used in these studies could be toxic. Indeed, in the present study, S107 significantly prevented arrhythmias in Ryr2 RS/WT mice and arrhythmogenic I TI in Ryr2 RS/WT cardiomyocytes.
In contrast to our previous report (32), Chen and colleagues reported no polymorphic VT in calstabin2-deficient mice (53) . However, they also used only drugs without exercise testing, and careful examination of the tracings they show following pharmacological testing show that their calstabin2-knockout mice did indeed exhibit bigeminal rhythms (53), a likely precursor of polymorphic VT/ventricular fibrillation. Our study is in agreement with other studies showing antiarrhythmic effects of the 1,4-benzothiazepine JTV519 (which is in the same class of drugs as S107 but unlike S107 is a multichannel blocker) (54) (55) (56) . We have further refined these studies now by using an RyR-targeted compound, S107, which has no documented off-target activity at up to 10 μM (see supplemental data, S107 Characterization; and ref. 23 ). Moreover, during exercise followed by catecholamine injection, RyR2 is PKA phosphorylated at serine 2808 as we have previously reported, and mice harboring RyR2 that cannot be PKA phosphorylated (Ryr2-S2808A mice) are protected against stress-induced RyR2 leak (57) . A recent article by Valdivia and colleagues has challenged the role of PKA phosphorylation of Ryr2-S2808 (58); however, as we have previously noted, their study examined a mouse model of cardiac hypertrophy that is not characterized by leaky RyR2 (59) .
In the present study, we found that an Ryr2 missense mutation previously linked only to exercise-induced cardiac arrhythmias also causes generalized neuroleptic tonic-clonic seizures in mice. Based on the findings from this mouse model, we propose that an intracellular Ca 2+ leak via defective RyR2 channels can cause both neuroleptic seizures and cardiac arrhythmias. Our data further suggest that the protective mechanism for handling a pathologic intracellular Ca 2+ leak via defective RyR2 channels may be more robust in the heart, where arrhythmias only occur during strenuous exercise (in patients), as opposed to the brain, where seizures due to a leak via the same RyR2 channel were observed at rest (in mice). This may reflect the fact that the cardiac arrhythmias are more lethal than the neuronal seizures.
Methods

Generation of Ryr2 knock-in mouse.
The targeting vector for homologous recombination consisted of a 9.5-kb genomic DNA fragment including exons 46-54 of the RyR2 genomic sequence. The 5′ and 3′ flanking regions were amplified from 129S mouse genomic DNA by PCR using the following 2 sets of primers: 5′-ATGCGGCCGGCAGGAATCCTAACATCCCCTTGC-3′ and 5′-TCATCGATGCACCTTATGAGATTTCTTGCCAACC-3′ (5′ flanking region) and 5′-TCTTAATTAACAGTAGGGACAAGAGGTTCATCG-3′ with 5′-CGTAGGAGTAAATTGTGGCTACCG-3′ (3′ flanking region). The resulting PCR fragments were subcloned into the pBlueScript SK-plasmid (Stratagene). Mutagenesis was performed in the 5′ flanking region using the QuikChange II Site-Directed Mutagenesis Kit (Stratagene) according to the manufacturer's instructions to introduce the codon change leading to the R2474S variant in exon 49. To facilitate screening for the mutation, a conservative restriction site, BstZ17I, was introduced. The 2 arms were subsequently cloned into EcoRI and SalI sites of pACN (60) . The resulting plasmid constitutes the TVR2474S targeting vector consisting of 2 arms separated by the pACN cassette. TVR2474S was linearized with AhdI and transfected by electroporation into ES cells. Transfected ES cells underwent positive selection with G418 (200 μM) for 10 days. Genomic DNA from resistant clones was analyzed for occurrence of homologous recombination by Southern blotting. Digestion of ES cell genomic DNA with BamHI followed by blotting with an external 5′ probe revealed a band at 8.4 kb, indicating correct recombination as compared with 14.5 kb corresponding to the WT genotype. A 3′ external probe gave an 8.1-kb band, indicating recombination, and a 14.5-kb band, indicating WT.
Recombinant ES cells were injected into C57BL/6 blastocyst-stage mouse embryos. Chimeric male mice were bred to C57BL/6 female mice to establish a hybrid line. Germline transmission generated Ryr2 + Ryr2 R2474S (Ryr2 RS/WT ) mice. The genotypes from the F1 and F2 generations were determined by Southern blotting and PCR on DNA from tail biopsy specimens. Genomic DNA extracted from the tail was digested with SacI and analyzed by hybridization with an external SacI probe. The 8.0-kb band corresponds to the WT allele, whereas the 5.3-kb band corresponds to the mutant allele ( Figure 1B, left) . Mouse genotyping was performed using the following primers: 5′-GCTGTCCTGGAACTGACTTGTA-3′ and 5′-ACCCTGTGAG-GCAGATAGTGC-3′. A PCR product of 819 bp was digested with BstZ17I which results in 2 specific bands at 506 bp and 313 bp from the mutant but not the WT allele ( Figure 1B, right) .
Anesthesia for rodent surgical instrumentation. Animals were placed on a sterile drape on a heating pad (37-38°C) under an operation microscope. All surgical instruments necessary for implantation were heat sterilized. Animals were anesthetized with 2% isoflurane (vol/vol O2). Buprenorphine was applied once and as needed during postsurgery recovery. All protocols were reviewed and approved by the Animal Care Committee of Columbia University.
Cranial surface electrode implantation. A 10-mm midline skin incision was made on the head, and the s.c. tissue was bluntly separated. The superficial thin layer of the skull was pretreated with 10% H2O2 to allow for bregma and lambda landmark identification on the neurocranium for correct lead placement to assure contact with a minimum of stabilizing cement (Maxcem; Kerr). A miniature cranial socket including the EEG recording electrodes was positioned 1 mm caudal and lateral of the bregma and fixed for epidural recording from the hemispheres. Only fully recovered animals were used for EEG recording, and mice with alterations in behavior that might be related to electrode implantation were excluded from analysis. For ECG recording, a radio transmitter was implanted with electrode placement approximating the standard lead II electrical heart axis (for details, see supplemental data). Data acquisition and analysis were performed using Pinnacle software and IOX software for simultaneous ECG recordings (EMKA Technologies).
Pharmacological seizure experiments. To test for susceptibility of generalized tonic-clonic seizures, i.p. administration of freshly dissolved 4-AP (2.5 mg/kg i.p.; Sigma-Aldrich) and CAF (250 mg/kg i.p.; Sigma-Aldrich) to Ryr2 RS/WT (n = 8) and WT (n = 9) mice. A preliminary dose response trial was performed in Ryr2 RS/WT and WT mice using increasing doses of 4-AP (1.0, 2.5, 5.0, 10 mg/kg i.p.), and only 2.5 mg/kg 4-AP i.p. consistently induced minor focal symptoms (stage 1) within 60 minutes. To test for seizure susceptibility, subsequently mice were injected with 2.5 mg/kg 4-AP, followed 25 minutes later by CAF administered at a total dose of 250 mg/kg. To test for protection against seizures using S107, osmotic pumps were implanted, and mice were pretreated with S107 5 mg/kg/h for 1 week prior to seizure susceptibility testing. Phase 4 seizures associated with death could be avoided through intubation and artificial breathing, indicating diaphragm failure during sustained seizures as a potential cause of death. Mice were directly observed and videorecorded for later review and latency classification during a 60-minute observation period. All analysis of seizures were performed by an observer blinded to the experimental protocol. Mice were placed individually in Plexiglas cages before injection for video monitoring for at least 60 minutes following injection. In a different set of experiments, Ryr2 RS/WT (n = 6) and WT (n = 3) mice underwent EEG monitoring during seizure induction. Control EEG recordings were performed prior to injection. Data acquisition and analysis was performed with Pinnacle software and IOX software for simultaneous ECG recordings (EMKA Technologies). EEG activity was sampled at 1,000 Hz with a filter cutoff of 50 Hz.
Pharmacological seizure phenotype scoring. We identified 4 phases of behavioral abnormality progression within 60 minutes following i.p. drug injection, in accordance with earlier studies. Therefore, seizure activity was evaluated using a modified 4-stage classification system according to Ferraro et al. (61) : phase 1, non-seizure activity, characterized by progressive reduction in motor activity until the animal abdomen is in full contact with cage bottom (hypoactive state); phase 2, partial or focal seizures affecting face, head, and/or forelimbs lasting 1-2 seconds; phase 3, generalized tonic-clonic seizure, with sudden loss of upright posture and whole-body clonus, including running and jumping; phase 4, maximal seizure, with tonic-clonic convulsions, followed by sudden, unexpected death.
Transmitter implantation and ECG data acquisition. Due to superior ECG quality and associated heart rhythm analysis, we used a mouse transmitter implantation procedure described by Mitchell et al. (62) . After induction of anesthesia, body hair was removed from the neck and the left chest wall using a shaver and scrubbed with iodine solution. Following a 1.5-to 2-cm midline neck incision along the spine, an s.c. pocket was formed by blunt dissection. The transmitter body was sutured to the muscle just to the left of the midline, with the leads directed caudally. The cathodal lead was looped to the right within the pocket to an area overlying the right scapula and was anchored with a permanent suture. A small incision was made in the apical heart area of the left chest, and a trocar was used to tunnel s.c. along the left thoracic wall to scapula area. The anodal lead was passed through a sleeve from the back through an s.c. tunnel, and the tip of the lead was sutured to the chest wall overlying the apex of the heart; both skin incisions were then closed. The basis for this configuration was established earlier by surface electrocardiograms showing a QRS axis of approximately 72° in the frontal plane, which is oriented approximately along the axis of the implanted transmitter lead configuration (62) . Electrode placement approximated an electrical heart axis similar to lead II used by standard ECG, and this specific configuration was chosen to minimize motion artifacts. Baseline and stress testing (see below) analyses were performed on recordings that were obtained at least 5 days after the implantation procedure. Twenty-four-hour recordings were analyzed off-line.
Exercise ECG test. Ambulatory ECG recordings and exercise testing were performed as described previously (32) . Following 5 days of treadmill acclimatization at 24 m/min for 30 minutes, mice were exercised for at least 45 minutes on a horizontal treadmill at incrementally faster running speeds (from 12 m/min to 40 m/min), until exhaustion defined by the inability to sustain exercise at 34 m/min or greater immediately followed by epinephrine injection (0.5 mg/kg, i.p.).
Heart isolation and perfusion. All optical mapping procedures were approved by the New York University School of Medicine Institutional Animal Care and Use Committee. Heparin sodium (500 U/kg) was administered i.p. to prevent intracardiac blood coagulation. Animals were euthanized with an overdose of CO2 and sacrificed by cervical dislocation. The hearts were quickly removed via thoracotomy and placed in Tyrode solution (130 mM NaCl, 24 mM NaHCO3, 1.2 mM NaH2PO4, 1.0 mM MgCl2, 5.6 mM KCl, 1.8 mM CaCl2, equilibrated with a 95% O2, 5% CO2 gas mixture to achieve a pH of 7.4). The aorta was cannulated and Langendorff perfused at a constant pressure of 68-74 mm Hg (1-2 ml/min) at 37°C. The hearts were subsequently perfused with 1 μM di-4-ANEPPS (Molecular Probes; Invitrogen) and allowed to equilibrate for 10 minutes.
Optical mapping of murine ventricles. High-resolution optical mapping studies were performed under an upright microscope (BX-51WI; Olympus) equipped with a high-speed charge-coupled device (CCD) camera (Ultima-L; SciMedia). Excitation light from a 100-W mercury arc lamp was passed through an interference filter (530 ± 30 nm) together with a dichroic mirror (565 nm). The emitted fluorescent light was collected with a long-pass filter (>610 nm) and projected onto the CCD video camera. The recording array was 100 × 100 pixels, and data were acquired at 1,000 frames/s with 14-bit resolution. Imaging was carried out with either 2× or 4× objectives in the absence of any pharmacological or mechanical motion-reduction techniques.
Volume-conducted ECG.
A bipolar electrode mounted on a micromanipulator was used to record volume-conducted electrograms from isolated hearts. Recordings were made using Ag-AgCl electrodes and placed approximately 2 mm from the heart surface. Electrograms were amplified and low-pass filtered at 300 Hz using an 8-channel Axon Instruments CyberAmp and digitally sampled at 5 kHz using the Digi-Data Corp. digitizer and the AxoScope software package (Molecular Devices). Continuous recordings were obtained through the entire experiment and stored for off-line analysis. Recordings were electronically tagged to indicate the time when optical recording was obtained.
Hippocampal slice preparation and extracellular LFP. Adult mice were anesthetized with isoflurane and decapitated and their brains quickly removed while immersed in ice-cold dissection solution. The mouse brains were fixed in agar and cut transversely at a thickness of 400 μm using a vibrating blade microtome (VT1200S; Leica). The dissection solution consisted of (in mM): 195 sucrose, 10 NaCl, 2.5 KCl, 1 NaH2PO4, 26 NaHCO3, 4 MgCl2, 0.5 CaCl2, 10 glucose, pH 7.4 under constant 95% O2 and 5% CO2 bubbling. Hippocampal slices were collected in recording solution (see below) at room temperature and transferred immediately to a recording chamber, where they recovered for 2.5 hours at 32°C. Field potentials were recorded at 32°C using an interface chamber (Fine Science Tools). Slices were continuously perfused with oxygenated recording solution containing (in mM): 120 NaCl, 2.5 KCl, 1 NaH2PO4, 26 NaHCO3, 1 MgCl2, 2 CaCl2, 10 glucose, pH 7.4 with 95% O2 and 5% CO2. Low-resistance glass electrodes for extracellular recording were positioned in the proximal stratum radiatum of the CA3 subfield. To elicit epileptiform activity, 4-AP was added to the recording solution perfusate. Electrophysiological signals were amplified and filtered at 1 Hz and 10 kHz by a Cygnus Technology Inc. ER-1 Extracellular Amplifier, digitized at 2 kHz with Digidata 1440 (Molecular Devices), and stored digitally with Clampex 10.2 (Molecular Devices). Epileptiform events were analyzed using pCLAMP 10 (Molecular Devices).
Hippocampal brain slice histology. Brains were removed and snap-frozen in liquid nitrogen-cooled isopentane and included in OCT, and 10-μm sections were cut with a microtome. Cryosections were fixed in paraformaldehyde (4%), quenched in NH4Cl (50 mM), and incubated with 2% BSA-PBS for 30 minutes at room temperature before incubation with the RyR-specific antibody (1:500; Affinity BioReagents) and following treatment with anti-mouse IgG conjugated with Alexa Fluor 488 (Invitrogen). After the coverslips were mounted in SlowFade Gold DAPI (Invitrogen), images were acquired using a parafocal fluorescence microscope (Apotome; Zeiss). Every other hippocampal section was stained with H&E to document normal brain cytoarchitecture and to allow for comparison with the immunostained sections in both WT and Ryr2 RS/WT (each n = 3).
Confocal calcium fluorescence microscopy of hippocampal brain slices. A Zeiss 5 live confocal microscope was used for intracellular Ca 2+ imaging of hippocampal brain slices (Zeiss). Hippocampal slices were loaded for 45 minutes with the Ca 2+ indicator Fluo-4 AM (25 μM; Invitrogen), washed for 15 minutes, and transferred to a custom-made brain slice recording chamber on the microscope stage continuously perfused with recording solution (the same as used for field potential recording). Laser emission at 488 nm was used for excitation of Fluo-4 AM. Confocal images were acquired every 0.5 seconds. Neurons and astrocytes were distinguished on the basis of the distinct kinetics of the cellular Ca 2+ response to high K + stimulation (40 mM), which was always performed at the end of the experiment. Image analysis was performed using ImageJ (http://rsb.info.nih.gov/ij/).
Cardiomyocyte isolation. Cardiomyocytes were enzymatically dissociated and isolated from ventricles of Ryr2 RS/WT or WT mice using a protocol modified from ref. 33 . Briefly, mice were anesthetized with a ketamine/xylazine i.p. injection, and hearts were cannulated and retrogradely perfused with a dissociation buffer (DB) containing collagenase type 2 (0.5 mg/ml; Worthington) for 7-10 minutes at 37°C, transferred into DB supplemented with Protease XIV (0.05 mg/ml; Sigma-Aldrich), and gently stirred at room temperature for an additional 8-12 minutes. Subsequently, cells were pelleted by centrifugation at 40 g for 3 minutes and resuspended in modified Tyrode solution containing BSA (5 mg/ml), and Ca 2+ concentration was serially increased every 15 minutes, in 4 subsequent steps up to 1 mM. Cells were then plated on laminin-coated (Sigma-Aldrich) coverslips and stored at room temperature until use (1-6 hours) .
Ca 2+ imaging in cardiomyocytes. Cardiomyocytes were incubated in a 10-μM solution of Fluo-4 AM (Invitrogen) for 20 minutes at room temperature and washed in dye-free Tyrode solution for 15 minutes. Cells were plated in a perfusion chamber on the stage of a laser scanning confocal microscope (Zeiss 5 LIVE), continuously superfused with modified Tyrode containing (in mM) 130 NaCl, 4.5 KCl, 1.2 MgSO4, 1.2 NaH2PO4, 10 HEPES, 1.2 glucose, pH 7.4, and field stimulated with 5-ms pulses at different frequencies (1-2 Hz) by programmed field stimulation (Ionoptix). ISO was freshly prepared, dissolved in Tyrode solution, and added to the cells using a separate line of the perfusion system. In a subset of cells, after stabilization of Ca 2+ transient amplitude, stimulation was stopped, and SR Ca 2+ load was measured by rapid CAF application (20 mM) through a local perfusion system (Picospritzer; WPI). For field-stimulated Ca 2+ transients recording, line scan images were acquired at 500 lines/s at a typical laser power of 0.3-0.5 mW in order to minimize cell damage. For recording of sparks, cells were field stimulated at 1.0 Hz to produce steady-state conditions. Within the first 10 seconds after the last depolarization of a 15-pulse train, 80 full-frame images of 512 × 512 pixels at a frame rate of 40 Hz were recorded, with a typical optical section of 2.1 μm and a pixel size of 0.2 μm. Images were analyzed using both ImageJ and custom-made routines based on IDL (ITT).
Electrophysiology. Action potentials and membrane currents were measured using whole-cell patch clamp with an Axopatch 200B amplifier (Axon Instruments). All measurements were obtained at room temperature (22°C). Micropipette resistance was 1.5-2.5 MΩ. The external solution used to record AP consisted of (in mM): 132 NaCl, 4.8 KCl, 10 HEPES, 5 glucose, 1.2 MgCl2, and 2 CaCl2 (pH, 7.3 adjusted with NaOH). The pipette filling solution was composed of (in mM): 110 KCl, 5 ATP-Na2, 0.05 EGTA, 10 HEPES, 1 MgCl2, and 0.025 CaCl2 (pH, 7.3 adjusted with KOH). After determination of the AP threshold by pulses of increasing voltage, APs were triggered using above-threshold 2-ms-long pulses at a frequency of 1 Hz. Voltage clamp experiments were performed using an external solution composed of (in mM): 130 NaCl, 5 CsCl, 10 HEPES, 5 glucose, 1.2 MgCl2, and 2 CaCl2 (pH, 7.3 adjusted with CsOH). The pipette solution consisted of (in mM): 50 aspartic acid, 5 ATP-Na2, 60 CsCl, 0.1 EGTA, 10 HEPES, 1 MgCl2, and 0.04 CaCl2 (pH, 7.2 adjusted with CsOH). Series of ten 100-ms-long depolarizations from -75mV to +10mV at a pacing frequency of 0.5 Hz, 1 Hz, and 2 Hz were collected in the presence or absence of 1 μM ISO and followed by a 10-second pause. ITI density was measured after at least 3 minutes continuous ISO perfusion, during or after the pulse protocol. In order to confirm the effect of ISO infusion, a voltage clamp protocol consisting of a first depolarization from -75 mV to -40 mV for 300 ms and followed by a depolarizing step from -40 mV to +10 mV for 250 ms was used to separate INa and ICa,L. Data were acquired using pCLAMP 8.0 or pCLAMP 9.2 (Molecular Devices) and analyzed with SigmaPlot (SYSTAT) and Clampfit 9.2 (Molecular Devices). To simultaneously measure membrane currents and Ca 2+ release from the SR, EGTA in the pipette filling solution was replaced with the pentapotassium salt of the Ca 2+ dye Fluo-4 (50 μM), and voltage clamp was performed as described while acquiring images with a confocal microscope (see below).
Simultaneous recording of ITI and confocal imaging of Ca 2+ sparks and waves. For ITI recording, cells were stimulated by 10 depolarizations from -75 mV to +10 mV by 100-ms-long rectangular pulses at 1 Hz in the absence and presence of ISO. To simultaneously measure ICa-induced Ca 2+ release from the SR, Fluo-4 was excited at 488 nm, and the fluorescence was detected at 510 nm with a laser scanning confocal microscope (LSM 5 LIVE; Zeiss). Cell capacitance and ICa density were calculated with Clampex 9.0 (Molecular Devices). Global Ca 2+ release was analyzed by routines compiled with IDL 6.0 (ITT). Myocytes were incubated with Fluo-4 AM (10 μM) and, after a 20-minute period, were superfused with an extracellular solution containing 1.8 mM Ca 2+ . Cells were field stimulated at 1 Hz to produce steady-state conditions. Within the first 10 seconds after the last depolarization of a 15-pulse train, spontaneous Ca 2+ release was recorded for the next 3-4 image frames at high resolution (800 lines per frame, 1.92 ms per line) and evaluated for Ca 2+ sparks. The recording sequence was repeated 3 times in each cell. Line scan images were analyzed, and Ca 2+ sparks were detected off-line with a computer-based detection algorithm custom written in IDL (ITT).
Immunoprecipitation and immunoblot analysis. Brain or cardiac homogenates (100 μg) were used to immunoprecipitate RyR channels with anti-RyR antibody (63) . RyR2 was immunoprecipitated from samples by incubating 100 μg of homogenate with anti-RyR antibody (2 μl 5029 Ab) or RyR2-specific antibody (anti-RyR2; 1,367-1,380; generated by immunization with the RyR2-specific peptide CKPEFNNHKDYAQEK) in 0.5 ml of a modified RIPA buffer (50 mM Tris-HCl pH 7.4, 0.9% NaCl, 5.0 mM NaF, 1.0 mM Na3VO4, 0.5% Triton X-100, and protease inhibitors) for 2 hours at 4°C. The samples were incubated with protein A-Sepharose beads (Amersham; GE Healthcare) at 4°C for 1 hour, after which the beads were washed 5 times with 1.0 ml RIPA. Samples were heated to 95°C and size fractionated by PAGE (6% for RyR, 15% for calstabin). Proteins were transferred to nitrocellulose membranes, and immunoblots were developed using the following antibodies: anti-calstabin (1:1,000) (22) , anti-RyR (5029; 1:3,000) (63), anti-phospho-RyR2-pSer2808 (1:5,000) (64), or anti-phospho-RyR2-pSer2814 (1:5,000) (64) . Protein A-Sepharose beads were added and incubated at 4°C for 1 hour. After washing 5 × 1.0 ml with RIPA buffer, the immunoprecipitate was divided 1:4, and the proteins were size fractionated on 7.5% SDS-PAGE. All immunoblots were developed with the Odyssey system (LI-COR Biosciences) using infrared-labeled anti-mouse and antirabbit IgG (1:10,000 dilution) secondary antibodies.
Single-channel recordings. RyR2 vesicle preparations were prepared from pooled isolated hippocampi (n = 7 brains) or isolated mouse heart ventricles. Vesicles containing native RyR2 were fused to planar lipid bilayers in 100-μm holes in polystyrene cups separating 2 chambers. The trans chamber (1.0 ml), representing the intra-SR (lumenal) compartment, was connected to the head stage input of a bilayer voltage clamp amplifier (Warner Instruments). The cis chamber (1.0 ml), representing the cytoplasmic compartment, was held at virtual ground. Symmetrical solutions used were as follows (in mM): trans, 250 HEPES, 53 Ca(OH)2, pH 7.35; cis, 250 HEPES,125 Tris, 1.0 EGTA, 0.5 mM CaCl2, pH 7.35. At the conclusion of each experiment, 5 μM ryanodine or 20 μM ruthenium red was applied to confirm RyR2 channel identity. Single-channel data were analyzed with pCLAMP 10 software.
Statistics. Data are expressed as mean ± SEM. ANOVA with repeated measures was used for comparison between different groups, and 2-tailed Student's t test was used for comparison between groups. P < 0.05 was accepted as significant.
